Background: Mycophenolate mofetil (MMF) is an immunosuppressant used in human and veterinary medicine. Little pharmacokinetic and pharmacodynamic information on MMF is available in cats.
| INTRODUCTION
Few orally administered immune suppressants are available in clinical veterinary medicine despite many conditions requiring their use. Many immune-mediated diseases that occur in veterinary medicine are unpredictable and impact the patient's quality of life. [1] [2] [3] Few investigations into the use of alternative medications in cats have been performed. Therefore, further research is warranted for clinically relevant and easily administered PO immunosuppressant drug options for cats.
Mycophenolate mofetil is an immunosuppressant used in human medicine in organ transplantation patients. [4] [5] [6] [7] It has been used in veterinary medicine [8] [9] [10] [11] [12] as a secondary immunosuppressant with little published research in cats. 11, 13, 14 To date, safe and effective dosage regimens remain to be established. Mycophenolate mofetil is a prodrug of the active moiety mycophenolic acid (MPA), a fermentation product of Penicillium. 7, 15 After PO administration, MMF undergoes rapid presystemic tissue de-esterification [15] [16] [17] and is converted to the active metabolite MPA. 15 In cats, MPA is highly bound to plasma proteins, 18 and is eliminated from the body rapidly likely by hepatic biotransformation into at least 2 metabolites: MPA phenol glucoside (MPAGls) and MPA phenol glucuronide (MPAG). 19, 20 The primary action of MPA involves decreasing T and B lymphocyte proliferation by a specific and noncompetitive mechanism of action that decreases production of antibodies, decreases proliferation of CD4 + and CD8 + lymphocytes, and inhibits adhesion of glycoproteins to endothelial cells. 15, 21 These effects occur by inhibiting inosine monophosphate dehydrogenase (IMPDH), the rate-limiting enzyme in de novo guanosine synthesis. 15, 21 The disposition of MPA in cats has been studied after IV infusion of MMF, 19 suggesting that the disposition of MPA is highly variable. In addition, MMF administered IV at a dosage of 10 mg/kg q12h for 3 days in healthy cats resulted in little change in total peripheral blood mononuclear cell (PBMC) counts after MMF administration. 20 Despite preliminary data regarding IV administration of MMF, it remains to be determined if MMF is absorbed after PO administration to cats. The disposition of MPA after repeated PO administration, its effect on PBMCs, and immune effector cells such as CD4 + and CD8 + lymphocytes and their relevance to MMF administration have yet to be described. Our purpose was to characterize the disposition of MPA after PO administration of MMF at 10 mg/kg q12h, 15 mg/kg q12h, and 15 mg/kg q8h for up to 7 days to healthy cats and to evaluate the effect of these dosage regimens on total PBMC and CD4 + and CD8 + lymphocytes 24, 48, 168, and 180 hours after the initial PO dose.
| MATERIALS AND METHODS

| Animal population
The research protocol was approved by the Washington State University Institutional Animal Care and Use Committee (ASAF # 04665-005).
Ten healthy adult (1-5 years old) cats (5 spayed females and 5 neutered males), weighing 4-7.4 kg (median, 4.9 kg) were included. Eight cats were domestic shorthairs and 2 were domestic longhair cats. The cats were housed according to Washington State University Institutional Animal Care and Use Committee guidelines. All cats were housed as individuals or in pairs in temperature-and humidity-controlled enriched rooms. The cats were adopted at completion of the study.
All enrolled cats were deemed healthy and eligible based on prestudy physical examinations, behavior assessment (friendly, socialized) and a CBC, serum biochemistry, urinalysis, and feline leukemia virus/ feline immunodeficiency virus screening (all tested negative). The study cats were acclimatized to their new environment and food (Purina Cat Chow indoor formula, Purina Animal Nutrition, Gray Summit, Missouri) for 7-10 days before starting the study. Only 2 cats were medicated and sampled during the study at any one time. 
| Oral administration
Mycophenolate mofetil (Cellcept oral suspension MMF hydrochloride for injection [200 mg/mL], Genetech USA Inc, South San Francisco, California) was administered at a dosage of 10 mg/kg PO q12h for 7 days (n = 3), 15 mg/kg q12h for 7 days (n = 3), and 15 mg/kg PO q8h for 7 days (n = 4). The dosages were selected based on clinical experience and use of MMF, and information available in the literature for humans, 21, 22 dogs, 8, 9, 12 and cats. 19, 20, 23 Food was withheld 2 hours before and after drug administration. Water was available ad libitum to the cats. A repeat CBC and serum biochemistry profile were performed in all study cats within 24 hours of the last PO MMF administration.
| Blood collection
Blood was collected before administration of MMF for pharmacokinetic (PK) data at 0.25, 0.5, 1, 1.5, 3, 6, 8, 10, and 12 hours after the first PO dose. Additionally, blood samples were taken before the next dose at 24, 48, 72, 96, 120, and 144 hours after the initial PO dose. More intensive sampling also was done 156, 156. 25, 156.5, 157, 157.5, 159, 162, 164, 166 , and 168 hours after the initial dose. Blood samples for PK analysis were obtained and transferred to glass tubes containing citrate.
The tubes were centrifuged at 1800g for 8 minutes. Plasma was separated and divided into 200 μL aliquots in Eppendorf (Eppendorf AG, Hamburg, Germany) tubes and stored at −80 C until analysis. Samples were analyzed in a single batch. For PBMC isolation, 1.5 mL of blood was collected and placed into glass tubes with lithium heparin before dosing, and 24, 144, and 168 hours after the initial MMF PO dose.
A volume <5% of the circulating blood volume of the cats was obtained for analysis during the course of the study.
| Determination of MPA, MPAG, and MPAGls
Plasma MPA and its derivatives MPAG (Sigma-Aldrich Fine Chemicals, St. Louis, Missouri) and MPAGls (Sigma-Aldrich Fine Chemicals) were quantified using an ultra-high-performance liquid chromatographicultraviolet method validated in our laboratory. 24, 25 The method was Abbreviations: BLLOQ, below lower limit of quantification (0.3 μg/mL); NA, not applicable. For 10 mg/kg dosage regimen protocol, the median observed maximum plasma concentration and AUC 0-loq after the first and last dose were not different (P = .2).
| Pharmacokinetic analysis
WinNonlin v. 7 (Phoenix, version 7.1, Pharsight Corp Mountain View, California) where t is sampling time and Y is the observed outcome:
The PK parameters were reported as mean and range unless Samples were centrifuged at 700g for 30 minutes at room temperature without braking during deceleration. The top layer was discarded, and the PBMC layer was collected from the gradient solution interface. The collected sample was washed, red blood cells were removed, and PBMCs were collected as described previously. 26 The number of cells was counted by use of an automated thin-film sensor cell counter (Orflo Moxi Z, Orlfo Technologies, Ketchum, Idaho) with cell count cassettes (Type S, Orlfo Technologies). The healthy cell population and viability were calculated by use of the internal curve-fitting algorithm of the automated cell counter software.
| PBMC cryopreservation and thawing
The PBMCs were suspended at a concentration of 1 × . Those cats not displayed in the figures correspond to cats with MPA plasma concentrations below the lower limit of quantification or did not complete the study 2-mercaptoethanol). Cells were washed by centrifugation at 300g for 10 minutes at room temperature. 
| Cell staining and flow cytometry
| Statistical analysis
Estimated PK parameters and T-cell and total PBMC response to treatments were evaluated using descriptive statistics (GraphPad Prism, version 7, GraphPad Software Inc, San Diego, California).
| RESULTS
All cats (4/4) had gastrointestinal signs (self-limiting diarrhea and hyporexia) in the 15 mg/kg q8h group; no cats completed the trial. One cat in the 15 mg/kg q12h group had self-limiting diarrhea; 2 of 3 cats completed the trial. No cats in the 10 mg/kg q12h group had diarrhea or hyporexia; 3 of 3 cats completed the trial. Once adverse effects were seen in affected cats, MMF was discontinued immediately. Serum biochemical results such as alanine transferase activity remained similar pre-and post-MMF treatment. Platelet counts and PCV decreased in 9 of 10 cats post-MMF treatment but remained adequate, based on blood smear slide evaluation by a clinical pathologist, as previously reported. 13 No housing or food intake was altered in any of the cats during the study period.
| Pharmacokinetic results
The disposition of MPA was evaluated after PO administration of MMF. After PO administration of MMF at 10 and 15 mg/kg, all cats biotransformed MMF to MPA (Table 1 and Figure 1 ). Pharmacokinetic parameters are presented in Table 1 .
For all treatment groups, MPAG and MPAGls were detected in all cats, but the concentrations were below the validated LLOQ in some cats. After the last administration of 10 mg/kg q12h MMF, Figures 2 and 3 ).
| Determination of the effect of the repeated administration of MMF
Cell counting was assessed by use of the trypan blue dye exclusion test. 27 We assessed cell viability using the Moxi population index; all tested samples had an average of 95%-98% viability.
F I G U R E 2 MPA concentrations for all treatment groups. *Orange line reflects that many values shown were below the lower limit of quantification but above the lower limit of detection F I G U R E 3 A, MPAGls concentrations for all treatment groups. *Orange line reflects that many values shown were below the lower limit of quantification but above the lower limit of detection. B, MPAG concentrations for all treatment groups. *Many values shown were below the lower limit of quantification but above the lower limit of detection 
| DISCUSSION
We report the disposition of MPA in plasma after PO administration of 10 mg/ kg q12h, 15 mg/kg q12h, and 15 mg/kg q8h of MMF for up to 1 week in healthy cats. Additionally, our study provides information about the short-term in vivo effects of PO administration of MMF on total PBMC counts and CD4 + and CD8 + lymphocytes at several time points before, during, and after MMF administration.
All cats treated with 15 mg/g q8h had adverse gastrointestinal effects including self-limiting diarrhea and normal feces within 24 hours of stopping MMF. Similar observations have been reported in in humans and cats. [19] [20] [21] Mycophenolic acid was detected in plasma of all the cats within 2 hours after PO administration of MMF, indicating that the prodrug MMF was absorbed and biotransformed to MPA. The metabolites MPAGls and MPAG were detected in plasma of all cats, suggesting that MPA was eliminated, at least partially, by hepatic biotransformation.
These observations are consistent with those of previous studies. 19, 20, 23 The plasma disposition of MPA was variable in the cats as was the peak concentration of MPA ( Figure 1 and Table 1 ). This variability may be the result of variable absorption of MMF and subsequent metabolism in each cat. The disposition of MPA in plasma resulting in high inter-cat variability is not a phenomenon exclusive to cats and also has been reported in humans. 21 better efficacy and outcomes. 21 In our study, mean AUC 0-loqh after the first and last dose of MMF at 10 and 15 mg/kg was relatively smaller (Table 1 ) than the AUC 0-12h proposed as optimal for inducing an immunomodulatory effect in humans, suggesting that our chosen dosage regimens for MMF might not result in effective MPA exposure.
Decreasing lymphocyte proliferation is a crucial effect of MMF administration and is concentration-dependent. 5, 28 Regulating an inappropriate immune response by inhibition of T cells is important because T cells contribute to autoimmune diseases by multiple stimulatory, activation, and cytotoxic mechanisms. 29, 30 In our study, total PBMC numbers of the cats remained largely unaffected by the PO MMF, as did CD4 + /CD8 + T-cell ratios. It is important to note that measuring PBMC counts and assessing CD4 + /CD8 + T-cell ratios have not been determined to be the best measure of effectiveness of MPA in cats, but to date, limited information is available. Several factors could have contributed to the lack of T lymphocyte response to the PO MMF. One possibility is that MMF may not have been given at a high enough PO dosage. However, our results suggest that a dosage ≥15 mg/kg would not be well tolerated by cats.
Additionally, MMF may not have been given for a long enough time period, particularly considering that MPA has a cytostatic effect. 5, 28 Recent studies performed in healthy dogs suggest that MMF may need to be given for at least 2 weeks before decreased lymphocyte proliferation is observed. 31 Interestingly, there is evidence that over time, a cumulative effect may occur after MMF administration, or initially other inhibitory actions on the immune system may occur, such as targeting key functions of dendritic cells. 15, 32 In human medicine, conflicting evidence exists regarding the best pharmacodynamic marker after MMF administration, including, assessing disease activity scores, quantifying MPA F I G U R E 5 Total PBMC (mean ± standard deviation) for all cats (n = 10) given different doses of MMF on days 1, 2, 7, 8 plasma concentrations, and measuring inhibition of IMPDH activity or the concentrations of MPA in PBMC. 21, 33 Currently, a validated method to measure IMPDH activity in cats is not available, and little research has been done to evaluate the effect of MPA on PBMC in cats. Previous studies have documented an effect of MMF on feline lymphocyte proliferation in vitro. 28 Further studies assessing lymphocyte proliferation after PO dosing may help clarify MMF's effects in cats.
Another factor that could have contributed to the lack of effect on the lymphocyte counts is variability in the MPA target of IMPDH in certain cats.
Recently, investigations in human medicine suggest that single nucleotide polymorphisms (SNPs) in genes encoding IMPDH may influence the inhibitory activity of MPA. 34 Unfortunately, we did not assess the genetic background of our cats or whether or not genetic polymorphisms in genes encoding for IMPDH could have contributed to our findings. However, SNPs in genes encoding IMPDH should be considered in future studies.
In conclusion, we obtained novel information regarding the disposition of MPA and its effects on total PBMC and CD4 + /CD8 + T-cell ratios after PO MMF administration in healthy cats. Because of variability in tolerance to MMF and current information on its effect on lymphocytes in vitro, MMF cannot be recommended for the routine treatment of immune-mediated disorders in cats.
